Question: Ecologists have long been interested in the delineation and description of plant communities but have only recently included phylogenetic data into these analyses. Here, we assess whether species-based dissimilarities (beta diversity, BD) and more recent phylogenetic beta diversity (PhBD) measures are correlated with dissimilarities among sites based on abiotic variables. Additionally, we examine whether BD and PhBD measures aggregate sites into clusters that reflect their environmental attributes. Assuming phylogenetic conservatism in abiotic niche preferences, we predict PhBD dissimilarity matrices will correlate to those based on abiotic site variables, and that clusters determined by PhBD will more closely match to assemblages clustered by abiotic environment than will clusters determined by species BD.
| INTRODUC TI ON
A major theme in plant ecology over the past century has been the delineation and description of plant communities (Clements, 1916; Legendre & Legendre, 2012; Whittaker, 1960 Whittaker, , 1970 . Methodological advances in recent years have greatly increased the analytical toolset available for plant ecologists to characterize species assemblages using data on environment and taxonomic composition. Beta diversity (calculated from species presence-absence or abundance data) is a useful concept for describing the similarities and differences of sites or samples (Fortin & Dale, 2005; Whittaker, 1960) , and a number of beta diversity indices (e.g., Jaccard, Sorensen, Horn and MorisitaHorn indices) have been developed that allow us to measure species turnover along environmental gradients (Vellend, 2001; see Anderson et al., 2011 for a more in-depth discussion on the conceptualization of beta diversity as a measure of community turnover verses compositional variation). More recently, advances in phylogenetic methods and the increasing availability of well-resolved phylogenetic trees have provided new insights into ecological patterns, with approaches combining community ecology and phylogenetics gaining popularity over the past two decades (Cavender-Bares, Kozak, Fine, & Kembel, 2009; Vamosi, Heard, Vamosi, & Webb, 2009; Webb, 2000) .
Traditional beta diversity indices were first extended to include phylogenetic information by molecular ecologists working with microorganisms (see Lozupone & Knight, 2005; Martin, 2002) , where species concepts are hard to apply, and were subsequently adopted in plant ecology (Bryant et al., 2008; Nipperess, Faith, & Barton, 2010) . Similar to traditional measures of beta diversity, phylogenetic beta diversity (PhBD) can also be used to examine turnover along environmental gradients (e.g., Bryant et al., 2008; Faith, Lozupone, Nipperess, & Knight, 2009; Graham, Parra, Rahbek, & McGuire, 2009; Jin, Cadotte, & Fortin, 2015; Nipperess et al., 2010) and identify species clusters (Daru et al., 2016; Holt et al., 2013) . One of the basic assumptions underlying community phylogenetics is that closely related species should be more ecologically similar (i.e., niche conservatism), and thus should be "filtered" into similar environments, although evidence for this assumption is mixed (CavenderBares, Ackerly, Baum, & Bazzaz, 2004; Cavender-Bares et al., 2009; Graham et al., 2009; Vamosi et al., 2009) . If the assumption of niche conservatism holds, we might predict that PhBD indices would be more sensitive to detecting environmental turnover and thus boundaries between communities (Graham & Fine, 2008; Daru, Elliott, Park, & Davies, 2017) . Here, we contrast the performance of traditional beta diversity approaches (BD), based on variation in species composition among sampled plots, to approaches that include phylogenetic information (PhBD) in describing differences among plant assemblages using vegetation data collected across the boreal forest-tundra ecotone.
The boreal forest gradually transitions into the arctic tundra biome towards high latitudes, with vegetation ranging from closed forests in the south to the treeless tundra in the more recently deglaciated north (Gajewski, Payette, & Ritchie, 1993; Löve, 1970; Payette, Fortin, & Gamache, 2001; Timoney, la Roi, Zoltai, & Robinson, 1992) . Vegetation patterns are often heterogeneous within these two large biomes, creating a mosaic of plant communities on the landscape (Gajewski et al., 1993; Payette et al., 2001) . In addition to the forested and tundra habitats, the subarctic region is interspersed with other vegetation types, including shorelines and peatlands (Waterway, Lechowicz, & Moore, 1984) . More generally, as the richness of plant species decreases northwards (Fischer, 1960; Willig, Kaufman, & Stevens, 2003) , there are accompanying shifts in taxonomic composition, with declines in the relative richness and abundance of non-angiosperm taxa, such as gymnosperms and ferns (Kessler, Kluge, Hemp, & Ohlemüller, 2011; Porsild & Cody, 1980; Timoney et al., 1992) .
We examine patterns of vascular plant diversity using data collected from a sampling grid of 176 plots in the Canadian subarctic boreal-tundra transition zone in northern Quebec and Labrador. Our study site was located along a sharp elevational gradient at the latitudinal transition zone separating these vegetation types, resulting in rapid turnover of vascular species within relatively short distances.
Plant communities in this region can be categorized into several distinct community types (i.e., tundra, subalpine heath, boreal forest and fen), reflecting the major vegetation transitions observed across the boreal-tundra transition zone (Payette et al., 2001) . We use these data to compare site dissimilarities based on abiotic variables with those estimated with BD and PhBD. In addition, we evaluate whether the abiotic environment has filtered species with similar evolutionary histories into similar vegetation communities and to test whether assemblages delineated using PhBD more closely resemble those based on environmental data than those based on BD measures. Because vegetation types in this region are frequently characterized by changes in the abundance and richness of evolutionarily distinct non-angiosperm taxa, such as gymnosperms and ferns, we also explore whether patterns differ when communities are defined by all vascular plants compared to only angiosperms.
| ME THODS

| Sampling
Our study was conducted on Mount Irony, Labrador (Figure 1a; 54.89° N; 67.17° W) in the Canadian subarctic, where winters are
abiotic niche preferences, beta diversity, community assembly, ecological transitions, elevational gradient, environmental filtering, phylogenetic beta diversity, phylogenetic niche conservatism, plant communities, subarctic, vascular plants long and summers are cool and wet (Lechowicz & Adams, 1978) . The most dominant plant communities in this region include spruce-lichen woodlands, spruce-moss forests, subalpine heath, alpine tundra, fens and shoreline communities (Waterway et al., 1984) . 
| Taxonomic sampling and phylogeny reconstruction
The current names and authorities of the species sampled within our plots are in accordance with VASCAN (Brouillet et al., 2013;  Appendix S1). A representative herbarium voucher of each species was accessioned into the McGill University Herbarium (MTMG), with duplicates accessioned into the Marie-Victorin Herbarium (MT). The phylogeny for the regional community was reconstructed using maximum likelihood (ML) and Bayesian inference, with four lycophyte taxa as the outgroup and gene sequences from two plastid coding regions (rbcL protein coding region and matK coding region) and two nuclear ribosomal spacers (ITS1 and ITS2). A more detailed description of the methods used for the phylogenetic reconstruction is given in Appendix S1.
| Environmental and beta diversity distances between plots
Environmental distances between plots were calculated using data on elevation, slope, sky visible, and depth to impermeable layer. We excluded soil moisture from these analyses because it was found to covary closely with elevation and represents only a single snapshot in time, and might not, therefore, be indicative of conditions over the entire growing season. Gower dissimilarity for mixed variables (Gower, 1971) was then calculated using the gowdis() function in the R library FD (Laliberté, Legendre, & Shipley, 2014) to return a matrix of environmental distances (SiteEnv).
Plot-level beta diversity and phylogenetic beta diversity distances were calculated with Rao's quadratic entropy (a beta diversity measure that incorporates both species relative abundances and the dissimilarities between species within an assemblage) using the raoD() function in the picante R library (Kembel et al., 2010; Ricotta & Marignani, 2007) within-community diversity. Standardization was performed by first calculating the average within-community diversity for the two communities being compared, and then subtracting this value from the total among-community diversity (Kembel et al., 2010) .
Phylogenetic beta diversity (PhBD) values were calculated in a similar manner, but also incorporated mean pairwise phylogenetic distances between individuals within and between communities (Kembel et al., 2010) . The calculation of BD and PhBD returned a matrix of pairwise similarities/differences. A more detailed description (including formulas) of how species beta diversity (BD) and phylogenetic beta diversity (PhBD) were calculated is given in Kembel et al. (2010) . To examine sensitivity to taxonomic breadth of sampling, we separately estimated BD and PhBD for all 114 species of vascular species and for only the 99 angiosperm species present in our plots.
We assessed correlations among the SiteEnv, BD and PhBD dissimilarity matrices with Mantel tests using the vegan R library (Oksanen et al., 2013) . In addition, we visualized the SiteEnv, BD, and PhBD dissimilarities using principal coordinates analysis ( 
| Clustering plots by fuzzy C-means
Plots were clustered on SiteEnv, BD and PhBD distances using fuzzy C-means (Kaufman & Rousseeuw, 1990) with the fanny() function from the cluster R library (Maechler, Rousseeuw, Struyf, Hubert, & Hornik, 2015) . Clustering was performed separately for all the vascular (Vasc) and angiosperm-only (Angio) data. We thus generated five sets of groupings: SiteEnv, VascBD, VascPhBD, AngioBD and AngioPhBD. We used the Calinski and Harabasz index (Caliński & Harabasz, 1974; Milligan & Cooper, 1985) in the cascadeKM function from the vegan R library (Oksanen et al., 2013) to guide selection of the optimal number of clusters. The optimal number of clusters differed between data types (see Appendix S2); for ease of comparison, we show here results assuming four clusters to match the four major vegetation types at the research site (i.e., tundra, subalpine heath, boreal forest and fen). Results assuming different numbers of clusters were qualitatively similar and are included in Appendix S2. We visualized clusters using principal coordinates analysis (PCoA), with the assignment of plots to clusters based on the highest membership coefficient per plot.
We additionally used linear discriminant analysis (LDA) to separately cluster plots based on the abiotic variables using the lda() function in the MASS R library (Venables & Ripley, 2002) . We then calculated accuracy (i.e., the fraction of instances correctly classified) and precision (i.e., the proportion of correct predictions) of the SiteEnv, BD and PhBD cluster memberships compared to the LDA cluster memberships. We limited our comparisons to the LDA on abiotic variables since our primary interest was to evaluate how well taxonomic/phylogenetic composition matched the abiotic environment, and as BD and PhBD are represented as distance matrices, they are not suited to clustering with LDA. The spatial association of cluster assignments for each of the five analyses (SiteEnv, VascBD, VascPhBD, AngioBD and AngioPhBD) was assessed with Moran's I index (Moran, 1950) , using the lets.correl() function with equidistant classes in the letsR R library (Vilela & Villalobos, 2015) .
Next, we examined if SiteEnv clusters were composed of closely related species, as would be expected if phylogenetically similar species were being "filtered" into the same cluster. The correlation indices of individual species for each SiteEnv cluster were calculated using the multipatt() function in the indicspecies R library (De Cáceres & Legendre, 2009; Dufrene & Legendre, 1997) . These values were then mapped onto the phylogenetic reconstruction to calculate phylogenetic signal (Blomberg, Garland, & Ives, 2003) using the phylosignal() function in the picante R library, with significance assessed as the variance of phylogenetically independent contrasts compared to a random tip shuffling algorithm (Kembel et al., 2010) .
Finally, we calculated the species contribution to beta diversity (SCBD) for each set of clusters, following Legendre and De Cáceres (2013) . The SCBD represents the degree of variation of individual species across the entire study site, allowing us to identify whether the same species were equally important in defining the different cluster sets.
| RE SULTS
| Species diversity and phylogenetic reconstruction
We sampled 114 vascular and 99 angiosperm species within the 176 plots. The most common species across plots were: Cornus canaden- 
| Comparison of dissimilarity matrices and ordinations
| Comparison of clustering patterns
We present here results for the four-cluster analyses; however, results were qualitatively similar for the six-and seven-cluster analyses (see Appendix S2).
Support coefficients for cluster membership varied among distance types (F-ratio permutation test for abundance-weighted data; p < 0.01; Appendix S2). For the abundance-weighted data, the highest support coefficients were for AngioPhBD, followed by VascPhBD and SiteEnv (Appendix S2). The cluster membership coefficient was lowest for VascBD and AngioBD (Appendix S2), indicating that clusters were relatively less well defined for these two measures. The five sets of clusters showed broadly similar patterns in the spatial associations of plots, with significant spatial autocorrelation in cluster assignments (i.e., spatially adjacent plots fell into similar clusters; Note. Data were abundance-weighted and confidence intervals (in square brackets) for PhBD were calculated across a Bayesian posterior distribution of 100 randomly selected phylogenetic trees-test statistics were indistinguishable in many cases. 
F I G U R E 2
| D ISCUSS I ON
Using vegetation plots distributed across a steep environmental gradient in the Canadian subarctic, we showed that dissimilarities in species composition (BD), phylogenetic branch lengths (PhBD) and abiotic variables among species assemblages are correlated.
However, species assemblages clustered by BD or PhBD did not match closely the aggregation of assemblages based on environmental dissimilarity. We predicted that PhBD would cluster assemblages similarly to environmental differences (using Gower's distance), because phylogeny might capture evolutionarily conserved abiotic preferences; however, we found that clusters informed by phylogeny were only marginally more similar to assemblages clustered by environment than clusters determined by species dissimilarities (Figure 3 ; Table 2 ). In addition, we found that species within plots sharing similar environments were no more closely related than expected by chance, indicating little phylogenetic affinity for different environments. Finally, we showed that the inclusion of nonangiosperm lineages had little influence on our results, despite the strong gradients in gymnosperm diversity across this biome.
We predicted that dissimilarities among assemblages based on abiotic site preferences and branch length differences were more clearly defined, with stronger membership support, than clusters defined by species differences, indicating that species difference was a poorer index for defining patches.
Differences in clustering patterns might indicate that abiotic site preferences were not reflected by either species or branch length dissimilarities (at least for the abiotic factors we considered in our study), but these results should be interpreted carefully. Cluster analysis can be sensitive to the number of C-means clusters selected (Dale, 1995) , and in our study system species assemblages occur across a gradient, and might not necessarily fall into distinct clusters. We conducted sensitivity analyses exploring six and seven clusters, and found similar results. We suggest it is more likely that the ubiquitous presence of several species and genera across our plots explain the weaker separation of clusters defined by species and branch length membership. Across the subarctic boreal-tundra transition zone, entire plant families and genera are lost towards higher latitudes without new families entering the flora (Porsild & Cody, 1980; Qian, 1999) . We observed a similar pattern on Mount
Irony where plant families such as the Santalaceae and Onagraceae were lost from the highest elevations, and there was a gradient in the prevalence of non-angiosperm taxa, such as gymnosperms, with elevation. Differences in richness were also accompanied by species turnover, which was evident within many plant genera. For example, we observed a different subset of Carex and Salix species in the tundra, alder thicket, forest and fen vegetation types. Such patterns might be expected to emphasize phylogenetic dissimilarities among our clusters. However, several families (e.g., Ericaceae, Cyperaceae, and Salicaceae) were generally well represented across the site (see Appendix S1), with the same species being found at both high and low elevations in some families (e.g., Ericaceae). These shared lineages across our study plots most likely blurred the separation of clusters based on taxonomic membership or branch lengths.
We also predicted that clusters defined by phylogenetic branch lengths would differ depending upon whether ferns and gymnosperms were included in the analyses because of the large evolutionary distance separating them from angiosperms (Chaw, Parkinson, Cheng, Vincent, & Palmer, 2000; Pryer et al., 2001) , and because they show strong geographical limits to their distributions. Gymnosperms tend to be limited to the more southern latitudes of the tundra biome (Porsild & Cody, 1980; Timoney et al., 1992) and leptosporangiate ferns show a general decrease in richness with increasing latitude (Kessler et al., 2011) . For example, as one proceeds northwards or upwards past the treeline in the eastern North American subarctic, there is a decrease in abundance and the eventual loss of gymnosperm taxa such as Picea glauca (Moench) Voss, P. mariana and Abies balsamea (L.) Mill. (Porsild & Cody, 1980; Timoney et al., 1992) .
These geographical trends might suggest evidence that the species within these non-angiosperm clades are being filtered (CavenderBares et al., 2009; Keddy, 1992; Webb, 2000) from the flora at high latitudes, for example, due to their narrower temperature tolerances (Qian, Swenson, & Zhang, 2013) . In our analyses, the relative abundances of ferns, gymnosperms and lycophytes were lowest at the highest elevations, as expected (see Appendix S2); however, we found that excluding these lineages did not greatly alter general results, possibly because lycophyte abundances were in any case relatively low, and some gymnosperms were found at both high and low elevations. Thus, contrary to our expectations (see also Vellend, Cornwell, Magnuson-Ford, & Mooers, 2011) , patterns were not sensitive to the shape of the input phylogeny and the large topological imbalances at deep internal nodes separating non-angiosperms from angiosperms.
Within the last few years, shared phylogenetic branch lengths have been used to describe and delineate species assemblages in a variety of biological systems, ranging from a global study of amphibians, birds and mammals (Holt et al., 2013) to more regional studies of angiosperms in the province of Yunnan, in southwestern China (Li, Kraft, Yang, & Wang, 2015) and trees in southern Africa (Daru et al., 2016) . We propose that the large difference in scale between the focal organisms and spatial extents of these earlier studies might have contributed to their observations of strong patterns (Gaston, 2000) . In our study, which focused on small-scale differences in vegetation types and which was thus less sensitive to regional-level processes, we found some evidence for similar patterns in dissimilarities among assemblages based on phylogenetic branch lengths, species composition and abiotic site characteristics. However, while phylogenetic information identified clearly defined clusters, these did not capture clustering of sites with abiotic environment. It is likely that the importance of ecological processes varies across spatial scales (Graham & Fine, 2008) , and we suggest that the processes that influence biogeography (e.g., speciation and trait evolution) might be better captured by phylogeny, whereas community-level processes such as environmental filtering and short-distance dispersal (Vellend, 2010) that are more apparent at finer spatial scales, might leave a weaker phylogenetic signature.
Our study examined local patterns in species and branch length differences in 1.0 m 2 plots across two different taxonomic levels using five abiotic variables, comparisons of ordinations and matrices, fuzzy C-means, and abundance-weighted Rao's quadratic entropy.
The abiotic variables that we included in the study might seem crude, as necessitated by logistical constraints at the study site. We acknowledge that other variables, such as soil nutrient status and pH, would have also been interesting to include, but these data would have been difficult to gather and compare due to both the presence Note. Accuracy is the fraction of instances that were correctly classified, and precision is the proportion of correct predictions for a certain class. Cluster membership based on environmental distances calculated with Gower dissimilarity (SiteEnv) was the most accurate and precise measure, whereas angiosperm abundance-weighted BD was the least accurate measure.
TA B L E 2 Comparison of abiotic environment (SiteEnv), beta diversity (BD), and phylogenetic beta diversity (PhBD) clusters to those defined using linear discriminant analysis (LDA) on abiotic variables of mineral and non-mineral substrates at the study site. However, we suggest that the inclusion of additional abiotic variables might have further weakened the association between abiotic and phylogenetic clusters, as there would have been more environmental axes along which species could vary (although it is also possible that an unmeasured but important abiotic variable could help align clusters).
It is also possible that our small plots (1.0 m 2 ) could have introduced additional stochastic variation -ecological drift (Gilbert & Levine, 2017 ) -in our study that would have been averaged out across larger plots (Kenkel & Podani, 1991; Otýpková & Chytrý, 2006) . It is our view that the 1.0 m 2 plots were, for the most part, large enough to capture the vegetation heterogeneity at this site, as most plants at this latitude (especially as we go up in elevation) are of small stature and likely have very local interaction neighborhoods. While it could have been interesting to explore larger plot sizes, in practice, this would have meant fewer plots could have been surveyed.
| CON CLUS I ON S
We found a correlation in assemblage dissimilarities when comparing species composition and phylogenetic branch lengths to abiotic site characters, suggesting some evidence for environmental filtering of species and lineages on Mount Irony. However, sites clustered by species composition and phylogenetic differences based on presence-absence (see Appendix S2) and abundance-weighted data did not resemble site clusters grouped by abiotic variables. Our results indicate that there might be only limited additional value in including phylogenetic data to describe vegetation transitions at local scales, although its use in delineating larger-scale biogeographic boundaries has been shown by others (e.g., Daru et al., 2016; Daru, Holt, Lessard, Yessoufou, & Davies, 2017; Holt et al., 2013; Li et al., 2015) . We initially found the discrepancy in patterns of clustering surprising, given that our study system represented a biome-level transition. However, we suggest that our conclusions might apply more generally wherever there is a relatively broad spatial distribution of evolutionary distinct lineages or major clades relative to the scale of the study system, as shared deep branch lengths might tend to mask evidence for habitat segregation among more closely related congeners.
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